Breeding high-yielding and nutrient-efficient cultivars is one strategy to simultaneously resolve the problems of food security, resource shortage, and environmental pollution. However, the potential increased yield and reduction in fertilizer input achievable by using high-yielding and nutrient-efficient cultivars is unclear. In the present study, we evaluated the yield and nitrogen use efficiency (NUE) of 40 commercial maize hybrids at five locations in North and Northeast China in 2008 and 2009. The effect of interaction between genotype and nitrogen (N) input on maize yield was significant when the yield reduction under low-N treatment was 25%-60%. Based on the average yields achieved with high or low N application, the tested cultivars were classified into four types based on their NUE: efficient-efficient (EE) were efficient under both low and high N inputs, high-N efficient (HNE) under only high N input, low-N efficient (LNE) under only low N input, and nonefficient-nonefficient under neither low nor high N inputs. Under high N application, EE and HNE cultivars could potentially increase maize yield by 8%-10% and reduce N input by 16%-21%. Under low N application, LNE cultivars could potentially increase maize yield by 12%. We concluded that breeding for N-efficient cultivars is a feasible strategy to increase maize yield and/or reduce N input. maize, genotype×nitrogen interaction, low nitrogen stress, nitrogen use efficiency, yield
Food security is among the most important concerns in China. In 2011, the Food Security Risk Index of China was predicted as 'medium risk' by the FAO and Maplecroft in the United Kingdom [1] . To meet the food requirements of China's increasing population, estimates indicate that the crop yield per unit area should be increased to as high as 5250 kg hm 2 by 2020 [2] . However, fertilizer application is increasing rapidly in China and has reached a total of 50 million tons per annum [3] . Overuse of fertilizer not only reduces fertilizer efficiency, but also increases soil nutrient loss and results in environmental pollution. Methods to reduce fertilizer input while maintaining or even increasing crop yield are a major goal of crop research [4, 5] . Among crops in China, maize has the highest total yield and growing area. The partial fertilizer productivity (PFP) of nitrogen (N) in China is only 21-38 kg kg 1 for maize [6] [7] [8] [9] [10] [11] , whereas the average PFP worldwide is as high as 57 kg kg 1 [11] . Therefore, there is substantial potential to in-crease nitrogen use efficiency (NUE) in maize production in China. Breeding for N-efficient cultivars may contribute to higher NUE in addition to higher yield. Variation in NUE among maize genotypes is well documented [6, [12] [13] [14] , providing opportunities for genetic improvement of this trait. Breeding for low-N-tolerant maize has long been a target of International Maize and Wheat Improvement Center (CIMMYT) [15] . Some major maize-breeding companies, such as Pioneer, also rate NUE among the highest priorities of their breeding programs [16] . As one example of success, N-efficient maize cultivars bred in a low-N environment showed increased yield of 10.5% under high-N conditions and 14% under low-N conditions. Therefore, increasing maize NUE under low-N supply while maintaining the yield potential under high-N conditions is feasible [17] . The targets for NUE improvement are to (i) increase yield potential without additional N input, (ii) reduce N input without affecting yield significantly, or (iii) increase low-N tolerance with very low N input [18] . In Africa, where the population is less dense than in China and where N fertilizer supply is limited, low-N-tolerant cultivars are highly desirable [19] . In China, where the population is large and where food shortages and environmental pollution are urgent problems, cultivars must be bred with higher yields and low N-input requirements. Liu et al. [20] classified cultivars into four different NUE classes based on the conditions under which they are efficient: efficient-efficient (EE) cultivars are efficient under both low and high nitrogen inputs; high-nitrogen efficient (HNE) cultivars under only high nitrogen input; low-nitrogen efficient (LNE) cultivars under only low nitrogen input; and nonefficientnonefficient (NN) cultivars under neither. The extent of variation in NUE among the dominant Chinese hybrids in cultivation and the potential to increase yield and reduce N fertilizer input through high-yielding, N-efficient cultivars is unclear. In the present study, we evaluated the yield and NUE of 15 commercial maize hybrids at five locations in North and Northeast China. The results are important for maize breeders to set targets for increasing NUE.
Materials and methods

Experimental locations
Ten to 15 maize hybrids comprising the dominant cultivars grown in North and/or Northeast China were grown in each of the eight environments at five locations in China in 2008 and 2009: Changping, Beijing; Changchun, Jilin Province; Qingdao, Shangdong Province; Xuchang, Henan Province; and Hengshui, Hebei Province (Tables 1 and 2 ). The growth period was from early May to the end of September in Beijing and Changchun, and from mid-June to mid-October in Qingdao, Xuchang, and Hengshui. The soil physicochemical characteristics at the onset of the experiment are shown in Table 2 . The experimental field at Changping has been part of a long-term N fertilizer experiment since 1984 [21] .
Experimental design
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Statistical analysis
On the basis of the average yield under LN and HN, the tested cultivars were classified as either EE, HNE, LNE, or NN. The potential of a cultivar to reduce N fertilizer input was estimated according to the method of Chen et al. [22] as the reduction in N fertilizer at which the yield of the cultivar equaled the average of all tested cultivars under HN. The calculations were as follows:
Agronomical N efficiency (AE)=(yield with N input yield without N input)/N input level, 
where  2 g is the genetic variance,  2 e is the random error, and r is the number of repeats.
Phenotypic correlation (r p ) and genetic correlation (r g ) were calculated as follows [24] :
The experimental data were analyzed using two-way analysis of variance (ANOVA) with SAS software (SAS Institute, Cary, NC, USA) and differences were compared using the least significant difference (LSD) test at the 0.05 level of significance.
Results
Variance analysis of yield
Among the eight environments, the average heritability of yield was 75.8% and was unaffected by N-supply treatments (Table 3 ). The genotype×N (G×N) interaction was significant in Experiments (Exps) 5-8, but not in Exps 1-4. The effect of N was also significant in Exps 5-8 (Table 4) . In Exps 1-4, there was a significant correlation between yield at any two N levels. The only exception was in yield between LN and HN in Exp 4. In Exps 6-8, phenotypic and genetic correlations in yield were non-significant between LN and HN and between LN and MN.
Variation in yield in response to N treatments in different environments
In Exps 1-4, in which the G×N interaction was not significant, LN slightly reduced yield by an average of 8.8% compared with that of HN ( Table 5 ). The percentage reduction was highest at Xuchang, Henan (by 13.4%) and lowest at Hengshui, Hebei (by 1.68%). The coefficient of variation (7.98%-8.74%) was similar among the three N treatments. The yield under MN was not significantly different from that under HN, but NUE increased from 38.2 kg kg 1 under LN to 75.9 kg kg −1 under MN. In Exps 5-8, in which the G×N interaction was significant, the yield under LN was 39% lower than that under HN, with a difference of 3788 kg hm −2 . The percentage reduc- 
Potential fertilizer reduction and yield increase by N-efficient cultivars
On the basis of average yield in the LN and HN treatments, the cultivars were classified into four NUE classes using the data obtained in Exps 5-8. For each NUE class, the average yield, percentage reduction, NUE, reduction in N fertilizer requirement, potential fertilizer input reduction, and potential yield increase were calculated (Tables 6-9) . Fifteen cultivars (28% of the total cultivar numbers used in Exps 5-8) were classified as LNE (Table 6 ). Under LN, the yield of LNE cultivars was 11.8% higher than the average yield of all tested cultivars and average yield reduction was 26.3%. Under MN and HN, the yields of LNE cultivars were 3.25% and 7.76% lower, respectively, than the average yield of all tested cultivars. No potential N savings were observed for this class of cultivars. The yield performance of LNE cultivars was variable, with only XD20 and ND108 showing the same performance.
Ten cultivars (19% of the total cultivar numbers used in Exps 5-8) were classified as HNE (Table 7) . Under LN, the yield of HNE cultivars was 15.4% lower than the average yield of all tested cultivars, and under HN, it was 9.46% higher. The average yield reduction was 52.6%. The potential N fertilizer savings was 20.7%. XY335 was a typical HNE cultivar in which yield performance was identical in.
Thirteen cultivars (25% of the total cultivar numbers used in Exps 5-8) were classified as EE (Table 8) . Under LN, MN, and HN, the yields of EE cultivars were 15%, 6.62%, and 7.57% higher, respectively, than the average yields of all tested cultivars. The average yield reduction was 34.7%. The potential N fertilizer savings was 25.2%-15.9%. ZD958 was a typical HNE cultivar in which yield performance was identical.
Fifteen cultivars (28% of the total cultivar numbers used in Exps 5-8) were classified as NN (Table 9 ). Under LN, MN, and HN, the yields of NN cultivars were 13.5%, 4.26%, and 4.74% lower than the average yield of all tested cultivars. The average yield reduction was 44.6%. No potential N fertilizer savings was observed for this class of cultivars.
The yields of cultivars within a NUE class were averaged and compared for each N treatment (Figure 1 ). The yield of EE cultivars was significantly higher than that of HNE cultivars under LN but not under MN and HN. Thus, HNE cultivars (such as XY335) were more sensitive to low N than were EE cultivars (such as ZD958). The yield of LNE cultivars (such as ND108 and XD20) was significantly higher than that of NN cultivars under LN but not under HN and MN. For most of the tested cultivars, the NUE varied among environments. 
Discussion
Genotype×nitrogen interaction and the pressure for NUE selection
Bänzinger et al. [19] suggested that selection of N-efficient genotypes should (i) include adequate sources of genetic variation and strong selection pressures for the important traits at all stages of the breeding program, (ii) use experimental procedures to achieve high levels of heritability in the breeding trials, and (iii) employ tests that achieve a high genetic correlation between germplasm performance in breeding trials and under farm conditions. Yield in the field is the most important nutrient efficiency parameter. Soil N availability is the key selection pressure that determines selection efficiency. In the present study, coefficients of variation were significantly different among N treatments only in the experiments in which the G×N interaction was significant. Therefore, only under sufficiently low-N stress could the maximum genetic variation be observed. According to studies by CIMMYT, selection for LN tolerance should be conducted in fields in which LN yields are 25%-35% of those in N-sufficient plots. However, others have suggested that yield in LN plots should be 60%-65% of those in N-sufficient plot [25] , in which case the N level may be too high for selection of LNE-type genotypes [15] . The present results suggested that when the yield of LN plots was 25%-60% of that of HN plots, the G×N interaction on yield was significant and yield heritability remained about 75%. Under LN stress, the variation in yield among genotypes was sufficiently high to classify them into different NUE classes. If yield reduction is less than 15%, a significant G×N interaction will be difficult to obtain. A correlation between yields under HN and LN is frequently observed. If LN stress in the target area is not serious (yield reduction is less than 10%, for example), selection for high yield in multiple environments can also increase yield performance under LN [26] . Nevertheless, with increasing LN stress, the correlation between yield under HN and LN decreases [27, 28] . In the present study, when yield reduction was as high as 27.0%-56.1%, the correlation between the yields under HN and LN was no longer significant (Table 5) . To obtain LNE and EE genotypes, selection in both LN and HN environments is necessary [15] . Selection in a LN environment can increase selection efficiency by 30%. If the correlation between yields under LN and HN is about 0.65, LN-tolerant genotypes selected in LN environments often achieve a higher yield under HN [28] . Therefore, breeding for NUE in maize should be conducted in both low and high N environment and the yield reduction under low N plots should be 25% to 60%.
Potential reduction in N fertilizer input and/or increased yield with N-efficient cultivars
The standard for NUE classification depends on the aim of the study. With reference to Liu et al. [20] and Mi et al. [18] , the cultivars tested in the present study were classified as HNE, LNE, EE, or NN. By comparing each yield performance with the average yield of all tested cultivars, the potential reduction in N fertilizer input and/or increased yield via use of N-efficient cultivars were estimated. The current commercially grown HNE and EE cultivars have the potential to achieve an increased yield of 8%-10% and/or reduce N fertilizer input by 16%-21%. The HNE cultivars were highly responsive to N fertilizer, but suffered a high loss in yield (by 52.6%) under LN stress. These cultivars can only achieve high yields under HN input [29] . The EE cultivars achieve high yields under both LN and HN conditions and should be used for breeding in the future. Both HNE (such as XY335) and EE cultivars (such as ZD958) should be treated as N-efficient cultivars in an intensive cropping system (Tables 7 and 8 ). The present results are compatible with those of previous studies. Worku et al. [30] reported that EE cultivars had the potential for a 10.7% increase in yield and 12.7% reduction in N fertilizer input. In contrast, HNE cultivars could achieve 15.1% increased yield and 17% reduction in N fertilizer input. In France, Coque and Gallais [31] reported that variation in the yield of current commercial cultivars was small. However, the results of the present study suggested that, in North and Northeast China, maize yield can be increased by 10%-15% and N fertilizer input could be reduced by 10%-20% if EE and/or HNE cultivars were used.
Nitrogen deficiency is a worldwide problem in crop production. In India, 2.5 million hm 2 of arable land suffers from N deficiency, which results in a 50% reduction in yield [32] . In South China, the area of N-deficient land is 1.15 million hm 2 , which results in a yield reduction of 10%-20%. In Brazil, more than 80% of arable land has low fertility, and maize yield is only 1-2 tons hm 2 [33] . The maize yield in Africa is only 1.3 tons hm 2 because of LN and drought stress. Therefore, LNE cultivars are crucial to address the food security problem worldwide [15, 34] . In the present study, LNE cultivars showed a potential increase in yield of 12% (Table 7) . XD20 and ND108 were typical LNE cultivars and were LN tolerant. ND108 was found to be LN tolerant in previous studies [35, 36] . LNE cultivars bred by CIMMYT have shown excellent performance in Africa, producing yields of 2-5 ton hm
